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Foreword

Thermal Barrier Coatings (TBC’s) in current gas turbine engines routinely deliver metal temperature
reductions of 50-80°C under normal conditions and as much as 140 °C temperature reductions in hot spots.
With potential benefits estimated to be greater than 170 °C, TBC’s offer a huge potential boost to the
operating temperature capability of turbine components, roughly equivalent to 40 years of superalloy
improvements. The high potential for increasing operating temperatures, and for deriving the associated
efficiency increases, has fueled an explosion of TBC research.

While the potential of TBC’s is great, TBC development has necessarily followed the path of other new
materials. Following a period of R&D, TBC’s are now serving in the conservative function of increasing
metallic component life at current engine temperature levels. As the level of experience, and comfort, with
the use of TBC’s in these conservative applications has increased, the willingness to consider more
aggressive use of TBC’s in engines has also increased. TBC’s are now viewed as one of the most viable
means to achieve significant increases in engine efficiency.

While current TBC applications have been developed in spite of large gaps in knowledge of TBC behavior,
the step up to higher risk applications requires a higher level of understanding. Specifically, designers must
have the confidence that the coatings will behave predictably before the coatings will be used in critical
applications. Unfortunately, gaps in knowledge span the range from a lack of detailed understanding of
processing and how processing affects coating structure and properties, to a sketchy understanding of the
processes leading to failure of a coating. Interestingly, even the basics of heat transfer through a coating are
at a rudimentary stage of understanding.

Filling in these gaps is a substantial challenge but a challenge that must be met to take the next step in TBC
technology. There are notable efforts in virtually all areas of TBC research that are working to fill these
gaps. The papers contained in this volume provide some insights on current work addressing the two most
critical properties of TBC'’s, heat transfer to and through the coating and coating durability. These papers
were presented at the 1997 TBC Workshop, held in Cincinnati, Ohio, May 19-21, 1997. The workshop was
sponsored by the TBC Interagency Coordination Committee. Committee members include Air Force Office
of Scientific Research, Air Force Materials Directorate, The Department of Energy, DARPA, National
Aeronautics and Space Administration, National Institute of Standards and Technology, Navy and Office of
Naval Research. significant organizational assistance and the funding to make this workshop a reality were
provided by Capt. C.M. Ward and Dr. A. Pechenek of the Air Force Office of Scientific Research. I am also
grateful to Drs. S.J. Dapkunas of NIST and W.Y. Lee of Oak Ridge National Laboratory for organizational
assistance. Special thanks are due to Ms. Renee Madden of DTC, Inc., who did an excellent job in making
all the arrangements of this workshop and compiling the papers contained in this volume.

William J. Brindley
Chair TBC Workshop
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THERMAL CONDUCTIVITY OF THERMAL BARRIER COATINGS

P.G. Klemens and M. Gell
Institute of Materials Science, University of Connecticut
Storrs, CT 06269-3136

In the absence of significant high temperature structural materials development
over the last ten years, thermal barrier coatings (TBCs) have played an increasingly
important role in enhancing gas turbine engine durability and performance. The material
almost universally used has been yttria stabilized zirconia (7YSZ). This ceramic has
performed admirably as a TBC because of its favorable combination of properties,
including; low thermal conductivity, high thermal expansion coefficient, phase stability to
1400°C, and good erosion resistance. There is considerable interest in developing TBCs
with even lower thermal conductivity to provide further improvements in engine
performance. To assist in this effort, this paper will describe some of the fundamental
concepts of thermal conduction and how thermal conductivity may be reduced by changes
in microstructure and composition.

The theory of heat conduction by lattice waves in solids can help to understand
how the conductivity is influenced by lattice defects, grain boundaries and extended
imperfections. At high temperatures one must also consider conduction by
electromagnetic radiation within the solid, which is governed by analogous considerations.
The thermal conductivity by mobile carriers, waves or particles, can be expressed as

x=leI
3

where C is their specific heat per unit volume, v their speed and / their mean free path. If
the carriers are waves (lattice waves or e.m. waves) ranging over a spectrum of
frequencies f, this must be generalized to

<=3 [Feowiong

where C(f)df is the contribution to the specific heat per unit volume from waves in the
frequency interval 4f, v is the group velocity of the waves and /(f) their attenuation length,
usually a function of frequency. Also, f,» denotes an effective upper limit to the spectrum
because v or / become very small for £>f,. Since the energy content of waves consist of

quanta, phonons or photons respectively, these quanta can also be considered as heat
carriers.



Lattice waves are just elastic or ultrasonic waves, but their spectrum extends to
very high frequencies where their wavelength A is of atomic dimensions, and the relation
between f and the wavelength A is modified. The displacement field of the wave still has
the form of a progressive wave, varying as exp i(q.r-27ft) , where the wave-vector ¢ has

magnitude 27/4 and points in the propagation direction. The field of an electromagnetic
wave has a similar form.

The Debye theory of lattice vibrations makes the simplification that v is constant,
but that the lattice wave spectrum is terminated at the Debye frequency fp , chosen so that
the number of normal modes agrees with the number of atoms. However, when the basic
structural unit contains N atoms of varying mass, the spectrum divides into acoustic
modes, of the progressive wave form, and optical modes, vibrations of the N atoms in
each structural unit relative to each other. Only the former with upper frequency Jn=f/N'?
have appreciable group velocity and transport heat. This approximation is used here. In
the limit T>hf,/k, which is the case of interest here, each wave or normal mode has energy
kT, and C(T)f. Here k and h are the Boltzmann and Planck constants, respectively.

The thermal conductivity is limited by various interaction processes, which transfer
energy between the waves and establish thermal equilibrium. The intrinsic processes
interchange energy between triplets of waves (three-phonon interactions). These satisfy
frequency conservation, as in all non-linear processes, as well as wave-vector selection
rules. The resulting intrinsic attenuation length is of the form [1}

I(f, )= Bf T

where Bacu a’vf,, pbeing the shear modulus. The intrinsic conductivity becomes then
3.
K;= ZN Buv? (D)

and this describes, reasonably well, the thermal conductivity of structurally perfect
dielectric crystals near and above their Debye temperature Afp/k . Weak binding, large
atomic masses and structural complexity (large N) all tend to reduce the intrinsic
conductivity. Note that if one writes x=| k(f) df , then in the intrinsic case the integrand
ki o« C(OI() is independent of f , so that equal frequency intervals make equal
contributions to the intrinsic conductivity. This contrasts to the specific heat, which for the
acoustic modes is mainly due to their highest frequencies, since for f<f,, C(f) £.

Lattice imperfections further reduce the effective attenuation length. Different
imperfections scatter with different frequency dependence. Point defects scatter as the
fourth power of frequency, with an inverse attenuation length I/,(f)=Af * where 4
depends on their nature and concentration. Grain boundaries scatter independently of
frequency with attenuation length L comparable to the grain size. The inverse attenuation
length 1/I(f) is composed of the sum of these processes. Since point defects and grain
boundaries scatter mainly in different frequency ranges, their conductivity reductions are
approximately additive, so that

K=K,—0Ky—0K,




where Sk and 6k, are the reductions due to boundaries and point defects. Point defects
are small regions of volume &’ in which the value of the wave velocity v is locally changed
by ov.

Define f; by Ii(foT) = L, (fy) and fz by I;(f,,T) = L, where L is the grain diameter,
then

ok =x,(fp /fm)arm(fm/fB)
e, = [1-(, | f)acctan(s, | )]

For a substitutional atom of mass AM+M instead of M one finds
1/1,(f)=c(AM | M)’ 4r’a’v™ f*

where ¢ is the defect concentration per atom [2]. Effective values of AM/M can be
obtained for other defects, including vacancies. If x; is known, one can deduce /;(f,7) and
thus obtain &k, ; this has been done for many systems [3], recently for cubic zirconia [4].

Cubic zirconia presents a further difficulty: it only exists if it contains stabilizing
solutes and vacancies. Thus the intrinsic thermal conductivity and /; must first be estimated
in terms of its elastic and anharmonic parameters. The resulting uncertainty of perhaps
30% in x; translates into a 15% uncertainty in k. There is rough agreement for various
solutes and concentrations at room temperatures. At high temperatures the theoretical
values are always less than the data. This will be shown for several compositions. This
suggests the presence of a radiative component. Values of dkxg were calculated for various
grain diameters, and the resulting lattice thermal conductivities are also shown. The
reduction is greatest at low temperatures. At high temperatures any radiative component
would not depend markedly on grain size.

Yttrium aluminum garnet, yttrium iron garnet and some solutions of the two
materials were studied [S] over a wide temperature range. Point defect scattering is
weaker here, since only one cation sublattice is affected, and there seem to be no oxygen
vacancies. The grain size was 2 microns. Since /(7) is larger in YAG than in ZrO, ,
reductions due to small grain size should be more pronounced. Calculated reductions are
shown. Since the oxygen diffusivity is much smaller, YAG and perhaps some solutes may

be of interest. In these materials there also seems to be a radiative component, significant
above 600°C.

Since thermal barrier coatings operate mainly at high temperatures (in aircraft
engines around 1,200°C), it is important to understand the factors controlling the radiative
component. There is a difference between an engine environment and a thermal diffusivity
measurement, where the sample is thicker and sandwiched between two opaque layers. In
the latter case, for layer thickness L and index of refraction n, the radiative component of
thermal conductivity, in the absence of absorption and scattering, is

kK, =40’ L=227x10"T°n* L (W-m'-K™)



where o is the Stefan-Boltzmann constant. For ZrQ, , n=2.7 . If L=0.25mm, x, would be
0.9 W-m-K" at 1,300°K. At temperature T, 75% of this radiative transfer occurs at
frequencies f>3.1kT/h , which is 8.1x1 0'° Hz. This can be reduced by porosity, provided
the line-of-sight mean free path /=4R/3p is well below L, where R is the (spherical) pore
radius, p the porosity. However, the scattering cross—sectlon of a pore falls off rapidly with
decreasing f or wave-number g if g<//R . Since g= =2/mfc’ , where c is the light speed in
vacuo, the diameter 2R must exceed 0.45 microns. Also I=4R/3p should not exceed
0.025mm to keep the radiation for f>8x/ 0" Hz at an acceptably low level. For this value
of R, p=0.012 while larger pore sizes would require proportionally larger porosmes With
these values of R and p and at 1,300°K, x, would be about 0.3 W-m’ LK. To benefit by
reductions in the lattice thermal conductivity from nanometer sized grains, one would have
to introduce pores of ¥ micron diameter with a fractional volume of 1-2%, in addition to
any very small pores caused by the very fine grains.

References:

[1] P.G. Klemens, "Theory of Thermal Conductivity in Solids” in Thermal Conductivity,
R.P Tye, ed., vol. 1, 1-68, London, Academic Press, 1969.

[2] P.G. Klemens, “Thermal Resistance due to Point Defects”, Physical Review 119, 507
(1960). .
[3] P.G. Klemens, “Theory of Heat Conduction in Non-stoichiometric Oxides and
Carbides”, High Temperatures - High Pressures 17, 41 (1985).

[4] P.G. Klemens, “Thermal Conductivity of Zirconia” in Thermal Conductivity 23, K.E.
Wilks, R.B. Dinwiddie, R.S. Graves, eds., 209 -220, Lancaster, PA: Technomics, 1996.

[5] N.P. Padture, P.G. Klemens, “Low Thermal Conductivity in Gamets”, J. American
Ceramic Society 80 , No.4, 1997 in print.




Radiation Sources in Gas Turbine Engines
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Heat Transport and Thermal Conductivity

« Heat Transport Within Ceramic = Thermal Conductivity

» Thermal Conductivity has Two Components:

- Lattice Waves (f = 0to 1013 Hz, A = 109m
- Infrared Electromagnetic Waves (f = 0 to 1013 hz, A~ 10% m

« Scattering from Structural Defects Can Greatly Reduce Thermal
Conductivity, But Sources of Scattering Must Be Defined for Each
Type of Wave

« Far-field Radiation from Hot Gas and Solids must also be included

Thermal Conductivity

Heat Conduction is a random motion of carriers of thermal energy. If the
carriers are gas atoms, The Thermal Conductivity K is:

K=(1/3)CvI

C = specific heat per unit volume
v = speed of carriers (gas atoms)
| = mean free path

When heat is conducted by Waves, v becomes the wave velocity (group
velocity), |is the attenuation length. Since I(f) is usually a function of the
wave frequency f , and the waves cover a wide spectral range, this is

| K=1/3[ C(f vi(f df

Where C(f) df is the contribution to specific heat per unit volume from the
frequency interval df, so that

c=|c df

This expression of K holds for both elastic or lattice) waves as well as for
electromagnetic waves




Lattice Waves

Lattice waves in solids are simply elastic waves with very high
frequencies and very short (down to the range of interatomic
spacing) wavelengths. Their maximum frequencies (fm) are on the

order of 1013 Hz, while ultrasonic elastic waves range from 10%- 109
Hz. At the maximum frequencies, their wavelengths (A=v/f) are about
109 m.

Dispersion:

Frequency ¥

Wavelength (1/A)

At the highest frequecies (shortest waves) fis no longer proportional to 1/A.
The energy flow is proportional to the group velocity or slope of the curve.

Thermal Equilibrium and Specific Heat

In an ideal solid (perfectly regular and harmonic), the lattice waves are
normal modes of vibration. No energy is exchanged between them.

Real solids are not structurally perfect (lattice defects) and deviate
slightly from linear elasticity (are slightly anharmonic). This causes a
slow energy exchange amongst waves and thermal equilibrium. In
thermal equilibrium at absolute temperature T, each wave has an energy
of kT (k= Boltzmann constant) and each wave contributes amount kto
the specific heat.

c=]c(n df

C (N f2
o
©
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T
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Lattice Wave Acoustic and Optical Branches

In crystals composed of molecular units (e.g. ceramic oxides), the waves
are of two types:

* Acoustic
- Relative motion of molecular units

C 99
¢

e Optical
- relative motion of atoms within each molecule

< ©

€
C ¢ ©

e

Acoustic and Optical Branches

The dispersion curve for lattice waves has two branches

Frequency

Wavelength

To a good approximation, only the acoustic waves have significant
group velocities and carry heat

8




Lattice Thermal Conductivity

Thus we have:

K =115 ITM c(f) vi (fdf = |k (f) df
where only acoustic branch waves are considered.

For ZrOp N=3 fm=5.7x1012Hz
For Y3Al5012 N=3 fm=5.4x1012 Hz

C(fH and v depend on the atom spacing, on the elastic
moduli, and on density.

However, the attenuation length K1) is what really
determines the lattice thermal conductivity. It is
structure-sensitive, and also depends on absolute
temperature T.

Attenuation Length
(or Phonon Mean Free Path)

The attenuation length would be infinite if:

a. Lattice forces were perfectly harmonic
i.e. strain energy quadratic in strains only

b. Solid had no structural defects or imperfections
c. there are no grain boundaries
However...

Real crystals have anharmonic force components, i.e. strain energy
contains terms of 3rd power and higher in strain.

Real crystals have structural defects
Real crystals have grain boundaries

The realities limit the attenuation length Xf) and the integrand k(f), and
cause thermal resistance. The interaction processes, exchanging energy
between waves, establish thermal equilibrium. To calculate thermal
conductivities, we need to know the strength of these interactions, that is
the reciprocal of the attenuation length £, 7).



3 Types of Wave Interactions

Energy Exchange Between
Wave Triplets

f1
(\f\/\f/\/\/\f
3
£2 Scattering by Defects
f1+12=13
Conserves frequencies of M
participating waves
AVAVAAVAVAV . .
f Scattering by Boundaries
f
Conserves frequency, but
changes direction of wave f
f

Part of the incoming energy is transmitted,
some is backscattered. Backscattered
fraction independent of f

Potential Sources of Phonon/Photon Scattering
and Conductivity Reduction

e Boundaries
- Grain Boundaries
- Interface Boundaries
- Splat Boundaries (Linear Porosity)

¢ Point Defects
-Vacancies
- Solutes

e Porosity

10




Intrinsic Conductivity
Ki=/kj(f) df = (1/3)] C(f) v I; (£ T) df

I; (F,T) = (ua¥/KT) v N'3 fm/f 2

where i = shear modulus, 2% = volume per atom

Factor k7/(ua®) is mean square thermal strain

The mean square thermal strain for Zirconia at
1,300°K is about 0.03

kj o 1; C(f) is independent of frequency

_ M > ki ()

H 3

2 g

b =

B =

i i ,
o f (7)) 3

0 fm fm

In thermal conductivity, equaT frequency intervals contribute equally to K;

Point Defects and Grain
Boundary Reductions

Define fo by ;(fo,T) = Ip (fo)

fB by lj(fo,) =L L grain diameter

5K
K= K8KB-5K

| N
fb fo
These reductions are independent of each other as long as f B<<fo

For 7YSZ at 900°K K; = 1.85 W-m-1.Kk"1
8Kp = 0.5 W-m™1 -k"1
and if L =1 micron 8Kg = 0.07 wW-m-1 k-1

Theoretical K=1.3 W-m-1 k-1
Observed values 1.1 to 1.6 W-m-1 -K-1

11



Thermal Conductivity of Zirconia

Pure ZrO,, Hypothetical,

4.5 Calculated
K
5,‘ 7YSZ Micron-size Grain, 10-20% Porosity
‘TE Experimental
£ 25 /
1 / 7YSZ 5 nm Grain, Calculated
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Radiative Component Reduction

Scattering by spherical pore radius R

Cross Section

Radiation Spectrum

Frequency
25% xeX
(eX-1)2
l
l
I
3 4 X

_C
fc=2nnR

n- index of refraction
C - velocity of light in a vacuum

x =hp/RT

25% of Radiation below x = 3

Matching pc to x = 3 for minimum R

For 1,300K we need R > 0.6 micron

To reduce line of sight mean free path to |
= 25 micron so that total radiation is 33%
of black body

Since | = 4R/3p p vol. fraction of
pores, we need p >0.03 n

Pores much smaller than 1 micron do not
scatter radiation at the spectral peak

Thermal Conductivity for 7YSZ

Thermal Conductivity, k (Wm K1)

Intrinsic

Temperature, T (°C)
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Thermal Conductivity for YAG

10 T T T T T

o YAG

Thermal Conductivity, k(wm'lK-l)

Temperature, T (°C)

Optimized Microstructure for
Reduced Thermal Conductivity




Summary/Conclusions

* Thermal Conductivity of TBCs can be
understood based on lattice wave and
electromagnetic wave theory

* Where theory and calculations differ, radiation
effects and scattering from specific
microstructural defects must be considered

* Thermal conductivity can be reduced compared
to the current state-of-the-art TBCs by
compositional and microstructural optimization

e For YSZ, a microstructure of nanometer-sized

grains and micron-sized pores can provide
reduced thermal conductivity
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ANALYSIS OF THERMAL RADIATION EFFECTS ON TEMPERATURES
IN TURBINE ENGINE THERMAL BARRIER COATINGS

Robert Siegel and Charles M. Spuckler
NASA Lewis Research Center, Cleveland, Ohio 44135

Thermal barrier coatings are important, and in some instances a necessity, for high
temperature applications such as combustor liners, and turbine vanes and rotating blades
for current and advanced turbine engines. Some of the insulating materials used for
coatings, such as zirconia that currently has widespread use, are partially transparent to
thermal radiation [1-3]. The importance of radiation effects within thermal barrier
coatings in a turbine engine was briefly discussed in [4]. A translucent coating permits
energy to be transported internally by radiation, thereby increasing the total energy
transfer and acting like an increase in thermal conductivity. This degrades the insulating
ability of the coating. Because of the strong dependence of radiant emission on
temperature, internal radiative transfer effects are increased as temperatures are raised.
Hence evaluating the significance of internal radiation is of importance as temperatures are
increased to obtain higher efficiencies in advanced engines.

In a combustor there is radiation from the flame, soot, and hot gases to the
combustor liner, first stage turbine vanes, and to some extent to the first stage blades.
When a thermal barrier coating is subjected to the combustion environment it will usually
become covered with a thin layer of soot. Radiation is then absorbed by the soot, and is
partially reradiated into the coating. Coatings in the combustor are considered with both
clean and soot covered surfaces; for the turbine the results here are for clean surfaces.
Within a hot coating there is internal radiant emission, absorption, and scattering. These
mechanisms combine to provide a transport of radiative energy within the coating that acts
in combination with heat conduction.

Internal radiative effects depend on the properties of the coating materials. If
coatings can be made opaque then internal radiation is not a concern, and the only
radiative exchange is at the exposed surface of the coating and, for some conditions, at the
cooled side of the metal wall. However, some high temperature ceramic materials are
somewhat translucent so internal radiation effects can occur, and their importance must be
quantitatively evaluated to determine if they are a design consideration. Zirconia is
somewhat translucent for radiation in the wavelength range below approximately 5 to 7
um, and is often approximated as being opaque for wavelengths larger than 5 pm, [1].
Zirconia has large scattering compared with absorption, Fig. 2. At turbine engine
temperatures a considerable portion of blackbody radiant energy is in the translucent
wavelength range for zirconia.

In [1] a detailed heat transfer study was made of ceramic coatings for diesel engine
cylinder liners. An analysis for zirconia coatings on a cooled metal wall in a turbine engine
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environment was made in [5]. Radiative transfer computations can become complex for a
coating with properties that depend on the radiation wavelength. Zirconia has high
scattering relative to absorption, so the radiative equations must include the scattering
component which adds to their difficulty. With wavelength dependent properties and
large scattering, the solution of the exact radiative transfer equations becomes rather
complex. It is desirable to use simplified mathematical models if these will yield good
results. Approximate methods are usually adequate because the radiative contribution is
found to be significantly smaller than heat conduction for turbine engine applications, and
hence the radiative component is not required to high accuracy.

To investigate simplified models, some approximate techniques were applied in [6]
to analyze composite layers of translucent materials, and the results were compared with
solutions where the complete radiative transfer equations were solved. This showed that
the two-flux method gave accurate results for layers with diffuse boundaries. Diffuse
boundaries are a reasonable assumption for thermal barrier coatings since they have a
somewhat rough exterior and a granular crystalline or columnar internal structure. A two-
flux method was also used in [1] for coatings in a diesel engine environment. As a result,
the two-flux method was further developed and applied in [5] for turbine engine
conditions, and the results of additional calculations are given here. The two-flux method
includes without difficulty, the large scattering that is characteristic of a semitransparent
insulating material such as zirconia. To include spectral property effects the analysis in
Ref. [5] and the calculations given here have approximated the zirconia transmission
behavior by considering two spectral regions, one semitransparent and the other opaque.

For the radiative analysis, a mathematical description of the conditions at the
boundaries is important, and must include emission and reflection at the interface of the
coating and the metal wall. The reflection of a clean external interface must be quantified.
The behavior must also be modeled of a soot coating that absorbs incident external
radiation and reemits into the translucent coating. Some of these surface effects are
difficult to define with assurance that they are quantitatively accurate. Within turbine
blade rows away from the combustor, a blade is surrounded for the most part by other
blades with the same radiative fluxes leaving their surfaces. Hence the incident and
leaving fluxes at the coating surface are essentially equal and this reduces to zero the net
radiative flux at the coating surface. The cooled side of the coating is bounded by the
metal wall of the combustor or turbine vane or blade. The reflections characteristics of
this interface must be included in the mathematical model. Cooling at the exposed side of
the metal wall can occur by a combination of convection and radiative loss. Inside of a
turbine blade cooling passage, radiative exchange is assumed negligible.

The figures given here illustrate typical temperature distributions and heat flows
within zirconia coatings on a metal wall. Results are given for coatings on a combustor
liner (Figs. 3, 4), a turbine blade subjected to combustor radiation (Figs. 5, 6), and a
rotating blade away from the combustor surrounded by other cooled blades (Fig. 7).
Results with radiation included within the coating are compared with heat conduction
calculations with radiation neglected in the coating. For the limiting case of an opaque
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coating with internal transfer of energy only by heat conduction, radiant absorption and
emission occur only at the external surfaces. Thermal conductivity values for zirconia are
in the literature [7,8,9] and can change as the coating is operated at high temperatures [7].
The effect of increased coating thermal conductivity in raising the metal temperature is
shown in Fig. 6a.

It was pointed out in [4] and [6] that radiation trapping can occur in a coating
because of multiple reflections between the metal substrate and the coating interface. This
will occur for a clean coating, but not with a soot coating because there is then little
reflection at the external interface. It will also be decreased if the absorptivity of the bond
coat is large, but an increase in bond-coat absorptivity increases the temperatures in the
metal wall as shown in Fig. 5b. Internal emission and internal reflections depend on the
coating index of refraction, and there is uncertainty on the value of this parameter
[1,10,11]. In some instances, as in Fig. 4b, the value of the refractive index is shown to
have a significant effect on the temperature distribution in the coating.

From the present calculations, radiation effects were found to be most important
when the exposed surface of the coating is subjected to incident radiation from the hot
combustor. Depending on the properties assumed and the convective conditions, the
magnitude of the radiative effects can be of some significance, although heat conduction is
the more dominant heat transfer mechanism. The illustrative temperature distributions
included here demonstrate the magnitudes of the temperature effects that can be caused by
the coating being translucent, and being subjected to combustor radiation. Within the
turbine blade rows away from the combustor, the blades are all cooled, and exchange of
external radiation is expected to be negligible. For this condition, heat conduction was
found to be the dominating heat transfer mechanism and radiation effects within the
coating were found to be small as shown in Fig. 7.
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Figure 3. Temperature distributions in a zirconia coating on a combustor wall, compared with an
opaque coating. Temperature distributions for oxidized metal without a coating, with an opaque
coating, and with a semitransparent coating with and without soot on its exposed surface (on
cooled side radiation is to large surroundings). Parameters (units are in W m K): h; =250, h, =
110, k, = 0.8, k, =33, 5,=10%, _=0.794-103, n=1.58,a=30 and 0,= 10 for A <5 um, T,
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Figure 5. Turbine blade temperature distributions for blade exposed to combustor radiation.
Temperatures for an opaque coating and a semitransparent coating with clean surfaces.
Parameters (units are in W m K): h, = 3014, h, = 3768, k, = 0.8, k, = 33, 6, = 0.25:10%, 5, =
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Figure 7. Turbine blade wall temperature distributions for blade surrounded by identical cooled
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semitransparent coating with a clean surface. Parameters (units are in W m K): h, =3014, h, =
3768, k. =0.8, k=33, 5, =0.25-103, 6, =0.762-10%, n = 1.58, a= 30 and o, = 10* for A <5
um, T, = 2000, T, = 1000, €, = 0.3.

26




THERMAL CONDUCTIVITY DETERMINATIONS OF
THERMAL BARRIER COATINGS

RE. Taylor
TPRL, Inc.
2595 Yeager Road
West Lafayette, IN 47906 USA.

Most determinations of the thermal conductivity of TBC’s have been made
using the laser flash method to measure diffusivity (a) and differential
scanning calorimetry (DSC) to measure specific heat (C). Bulk density (p)
values are calculated from sample geometry and mass. Thermal conductivity
values are calculated as the product of these quantities, ie. 4 = «C p. This
approach enjoys the advantages of using small samples of simple shapes, ability
to measure over wide temperature ranges rapidly (and hence being cost-
effective) and enjoys a relatively high degree of accuracy when properly
performed with suitable geometry samples  Computer programs which
calculate the thermal diffusivity of one layer of a two-layer or three-layer
composite from the half-time, t,,, measured in the conventional manner by the
flash technique have been developed.

Even though samples of freestanding TBC’s have been measured, it was often
necessary to add thin coatings to the front surface to prevent laser beam
penetration. In addition, we usually had to apply a very thin coating on the
rear surface to prevent our ir. detector from viewing into the sample and thus
not giving an accurate temperature rise curve for the rear surface. In
general, the presence of a rear surface coating did not have to be accounted
for because it only takes a very thin layer to prevent the ir. detector from
viewing into the sample interior. However, preventing a relatively severe laser
burst from penetrating into the samples may require a significant protective
coat, depending upon the translucency of the TBC. In cases of a substantial
front layer, the presence of the protective coat must be accounted for and the
experiment becomes a two-layer case. It should be noted that in the case of
TBC’s mounted on a metal substrate, there is no need for a protective front
layer, since the metal substrate provides this, ie. we always have the substrate
side positioned towards the laser.

Figure 1 shows the results for free-standing coatings of Al,0, of Zr0, and of

composites consisting of 4 (AZ41) or 8 (AZ81) alternating layers of ALQ, and
Zr0, The conductivity values for AZ41 are somewhat larger than those for
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AZ81. The ordering is as expected, with the multilayer composites having
conductivity values inbetween those of the constituents. In fact, since the
alternate layers could be represented by a series model, the conductivity of the
layered samples can be calculated from constituents, ie.

A = A AJ(5A +.51), 1)

composite

assuming that the layer have equal thicknesses. Using the data of Fig. 1,
conductivity values for the layered composites at 200 and 700 are 0.0270 and
00232 W c¢m'K”, respectively. These results are within 1% of the measured
values for AZ41 of 0.0270 and 00228 W em”K?. These results show that many
thin layers of alternating ceramics may often be treated as though there was
one homogeneous layer.

While we routinely determine the thermal conductivity of one layer bonded
to another, the accuracy strongly depends upon the absolute and relative values
of the individual layers An example of the results obtained on two-layer and
three-layer samples is shown in Fig. 2. Samples of 13 mil Al,0, and Zr0Q, each
bonded to a 110 mil substrate were used to obtain conductivity values for the
ALQ, (ALOAl) and Zr0, (Zr0,Z1) layers. Then a three layer sample consisting
of 110 mil substrate, 7 mil ALQ, and 7 mils Zr0, was measured. Using the
substrate and ALQ, results, conductivity values for the Zr0, layer were
determined (ZRO2-AZ11) and are compared to the previously determined values
(Fig. 2). The results are in good agreement.

The input parameters which enter into a two-(or three) layer calculation are
the thicknesses, densities and specific heat of each layer, the diffusivity of one
(or two) layers, and the measured half rise times. The sensitivity of each of
these parameters also depends on the relative values between these parameters
for the various layer, ie. the relative magnitudes of the layer thicknesses, the
relative magnitudes of the diffusivity/conductivity values, etc. The situation
is further complicated by the fact that the calculations of the
diffusivity/conductivity value of the unknown layer is based upon parameter
estimation (ie. interative) procedures. Therefore several cases we were faced
with experimentally were examined. These cases all involve superalloy
substrates whose conductivity/diffusivity values increased substantially with
increasing temperature and TBC’s of relatively low diffusivity/conductivity
values which were relatively temperature-independent. This means that the
relative magnitudes of the diffusivity/conductivity values for the substrate and
coating increases substantially with increasing temperature. For example, the
conductivity ratios of substrate to coating were of the order of 10:1 at 100°C
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and greater than 20:1 at 1000°C.

The effects of uncertainties in the input parameters for the case of a 11 mil
coat bonded to a 25 mil substrate at 500°C are examined in Fig. 3. The
calculated conductivity values are most sensitive to the uncertainty in the
coating thickness and the measured half-times. However, it should be possible
to obtain sufficiently accurate input parameter values to obtain reasonable
results for this case.

However, when we consider a 3.3 mil coat on a 120 mil substrate at 500°C
(Fig. 4), the extreme sensitivities of the calculated conductivity value to errors
in substrate thickness, diffusivity and to half-rise times precludes meaningful
results. For example, a +1% change in the value assigned to substrate
thickness results in changes of +60 and -28% change in the conductivity values.
A :2% change in the measured half-time value from 0.34089 seconds (ie.
0.34087 +0.00682 sec) results in change in the calculated conductivity values of
+65 to -30%.

These sensitivities also depend upon the relative magnitudes of the
diffusivity/conductivity values of the substrate and TBC. The bigger this ratio,
the better the experiment. This is the reason that the conductivity values for
the layered composites often approach those for the freestanding coatings at
higher temperatures. It is interesting to note that coating conductivity values
could be determined fairly accurately under the conditions of Figure 4 if their
values were one-tenth of the value normally encountered.

To summarize our experiences with the laser flash technique applied to TBC
coatings, we routinely obtain very good results for 20 mil coatings, fair results
for 10 mil coatings and fair to terrible results for 5 mil or thinner coatings,
depending upon the manufacturer’s ability to furnish accurate information on
layer thicknesses and densities

Other techniques which we have used to determine thermal conductivity of
TBC’s involve our multi-property apparatus, which uses samples of TBC’s
bonded to their tubes, and the photo-acoustic technique, which is limited to
near room temperature measurements
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THERMAL CONDUCTIVITY OF FUNCTIONALLY GRADED THERMAL
BARRIER COATINGS

ANDREW J. SLIFKA, B. James Filla, and John M. Phelps
NIST, Materials Reliability Division
325 Broadway
Boulder, CO 80303

Introduction

Functionally graded materials (FGMs) are being developed for high heat flux and large
thermal gradient applications. The use of a compositional grading under high thermal
load has been shown to reduce thermal stresses compared to a monolithic ceramic coating
[1]. Applications are found primarily in aerospace, where this type of thermal loading is
encountered by nose caps, leading edges, and engines [2]. The thermal properties of
these coatings are needed for efficient design and development of thermal barrier and
wear related systems. We have measured the thermal conductivity of two FGM coatings
from 400 K to 1200 K using an absolute, steady-state technique. We did thermal
conductivity testing only to 1200 K in order to remain below the sintering temperature of
the coatings, which would have complicated interpretation of the results. One specimen
is a 1.1mm thick Ni20Cr - 8% yttria-stabilized zirconia (YSZ) FGM with a linear grading
from metal to ceramic. The second coating is a 1.8 mm thick NiCoCrAlY - 25% ceria-
2.5% yttria-stabilized zirconia (CYSZ) FGM, also with a linear grading from metal to
ceramic. Both coatings were obtained from commercial sources and deposited on 410
stainless steel substrates.

Experimental Method

The method used for the measurements described here is a modification of the ASTM

C 177-85 test procedure for guarded-hot-plate measurements of thermal conductivity,
modified for use at high temperatures [3]. A general description of the method, applied to
measurements on FGM coatings, is given here, but details of the design of the apparatus
can be found elsewhere [4, 5]. The method is a steady-state, absolute measurement of
thermal conductivity done under computer control. Steady-state measurements of thermal
conductivity are time-consuming, and a single test of a specimen in this apparatus takes
over 130 hours to perform. This method is intended as a standards-quality measurement,
and is not intended to compete with fast, convenient methods such as laser-flash thermal
diffusivity, but to complement these and other techniques by providing measurement
standards for the coatings community.

The main measurement stack is shown schematically in figure 1. The principle behind the
guarded-hot-plate technique is to create steady-state, unidirectional heat flow through a
specimen so that the simplified version of Fourier’s conduction law can be used,

Q . AT
==k — 1
A~k 1)

where Q is the power input, A is the metered cross-section area, k is thermal
conductivity, AT is the temperature drop across the specimen, and Ax is the thickness of
the specimen. The bottom and outer guard heaters are controlled to the same temperature
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as the main heater plate, thus comprising an isothermal hot “cup”. The heat flux
transducer replaces the lower specimen used in a typical guarded hot plate. This
transducer is a 38-junction thermopile that ensures that no heat flows down from the main
heater plate. The main heater plate is 70 mm in diameter, and because of the small
physical size, there is no differential thermopile between the central main heater and
surrounding inner guard heater, typically used to prevent radial heat flow. In this case,
both heaters are powered to the same heat flux, resulting in uniform heating and no radial
heat flow. Therefore, the power input to the main heater flows unidirectionally upward
through the specimen and into the radiative heat sink. The heat sink weighs about 2 kg
and provides a repeatable mechanical contact between the plates in the stack. Since we
use a heat sink on the low-temperature side of the measurement, rather than the traditional
controlled temperature plate, our control on the low-temperature side is open-loop. The
open-loop condition does not allow us to accurately repeat the temperature difference
across a given specimen during successive tests, but repeat tests on a few specimens have
shown less than 0.5% variation of thermal conductivity values. An advantage of this
open-loop control is rapid convergence to the final value of thermal conductivity, which
increases the precision of the measurement.

Due to the temperatures seen in this system, we cannot use a thermally conductive grease
or soft metal between the temperature sensor plates and the specimen. Therefore, there is
a finite thermal resistance between each sensor plate and the specimen. Figure 2 shows
the relevant thermal resistances of an FGM coating specimen. Since the coating adheres
well to the substrate and is subjected to only a few thermal cycles during testing, we
assume that the thermal resistance at the coating - substrate interface is negligibly small.
There are four thermal resistances that we must consider, shown by the equation in
figure 2. We obtain the thermal resistance of the substrate material and the substrate -
sensor plate interfacial resistance from previous tests on blank substrate specimens. We
use a functional form for the interfacial resistance between the coating and sensor plate
from previous tests on a monolithic, 8% yttria-stabilized zirconia coating, which we
modify to account for the surface roughness of the coating [6]. By using this
information, we extract the thermal conductivity of the coating from our measurement of
total conductivity across the specimen and interfaces.

Results and Discussion

The first coating we tested was the 1.1 mm thick Ni20Cr - 8% YSZ FGM coating
produced by low-pressure-plasma spray. The spray atmosphere of 26.6 kPa has been
shown to produce a coating of optimum density, which results in only 3.5 % porosity,
measured from size and mass [7]. The coating is sprayed in a 6-step process to produce a
linear grading in composition, shown in figure 3. We measured the thermal conductivity
of this coating 5 times, with a moderate thermal shock between tests to induce
microcracking. Figure 4 shows the thermal conductivity data for the 5 tests, with thermal
conductivity ranging from 0.72 to 1.84 Wem-1+K-1. The thermal conductivity dropped an
average of 9 % for each test.

The second coating tested was the 1.8 mm thick NiCoCrAlY - CYSZ FGM coating
produced by air-plasma spray. The coating has 9 % porosity, measured by size and
mass, and is also linearly graded, from a 10-step process. The coatings have similar
laminar structures. Thermal conductivity data is shown in figure 5, with thermal
conductivity ranging from 0.95 to 1.4 Wem-1+K-1. The curve has a similar shape to the
FGM measurements of the first coating.
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The general upward trend in both sets of data is due to the metallic component of the
coatings. Figure 6 shows an optical micrograph of the CYSZ coating. The light areas are
metallic, the grey areas are ceramic, and the dark areas show pores and microcracks,
typical of plasma sprayed FGM coatings. The YSZ FGM coating had an initial thermal
conductivity higher than that of the CYSZ coating, which was expected, since the YSZ
FGM is thinner and less porous. The YSZ FGM coating showed a decrease in thermal
conductivity upon successive thermal shock. This decrease is probably due to an increase
in microcrack density caused by thermal cycling, the mechanism being the thermal
expansion mismatch between the metal and ceramic components. We would expect the
CYSZ coating to exhibit similar behavior if tested multiple times with moderate thermal
shock between tests. On a microscopic scale, these coatings have many components, as
shown by figure 7. The various phases of material allow for many different local thermal
stresses to develop and induce microcracking. Both sets of thermal conductivity data also
show a sharp upturn at high temperature, which is probably due to a radiative component
of thermal conductivity. The most unusual result from these measurements was the
observation of a significant drop in thermal conductivity, for both coatings, between 1050
and 1100 K. We are investigating three possible mechanisms for this repeatable,
reversible, observed drop in thermal conductivity: splat separation due to thermal
expansion mismatch; a magnetostrictive event in the substrate; and differential thermal
expansion stresses inducing a phase change in the ceramic coating component.
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